Information processing in neuronal networks relies on the precise synchronization of ensembles of neurons, coordinated by the diverse family of inhibitory interneurons. Cortical interneurons can be usefully parsed by embryonic origin, with the vast majority arising from either the caudal or medial ganglionic eminences (CGE and MGE). Here, we examine the activity of hippocampal interneurons during gamma oscillations in mouse CA1, using an in vitro model where brief epochs of rhythmic activity were evoked by local application of kainate. We found that this CA1 KA-evoked gamma oscillation was faster than that in CA3 and, crucially, did not appear to require the involvement of fast-spiking basket cells. In contrast to CA3, we also found that optogenetic inhibition of pyramidal cells in CA1 did not significantly affect the power of the oscillation, suggesting that excitation may not be essential for gamma genesis in this region. We found that MGE-derived interneurons were generally more active than CGE interneurons during CA1 gamma, although a group of CGE-derived interneurons, putative trilaminar cells, were strongly phase-locked with gamma oscillations and, together with MGE-derived axo-axonic and bistratified cells, provide attractive candidates for being the driver of this locally generated, predominantly interneuron-driven model of gamma oscillations.
Introduction
Information processing in neuronal networks relies on the precise synchronization of ensembles of neurons. Inhibitory interneurons are a diverse group of neurons that, although forming only a small percentage of all cortical neurons, are critical in orchestrating coordinated network activity. Different interneuron subtypes, through their unique structural and electrophysiological specializations, differentially modulate multiple brain rhythms (Freund and Buzsáki, 1996; McBain and Fisahn, 2001; .
Interneuron subtypes have traditionally been categorized based on common features, such as morphology and firing patterns and, more recently, by embryonic origin (Lee et al., 2010) . In the embryonic brain, interneurons destined to populate the hippocampus arise from progenitors in the medial and caudal ganglionic eminences (MGE and CGE), migrate tangentially through the developing cortex, and begin forming hippocampal circuits before birth. The MGE gives rise to parvalbumin-, somatostatin-, and NPY-positive interneurons, such as axoaxonic cells, fast-spiking basket cells, and Ivy cells, whereas the CGE gives rise to VIP-, calretinin-, reelin-, and cholecystokininpositive interneurons, such as non-fast-spiking basket cells, trilaminar cells, and some neurogliaform cells (Tricoire et al., 2011) . Interneuron characteristics, such as glutamate receptor subunit composition, vary predictably with embryonic origin (Matta et al., 2013) , and we recently demonstrated that the apparently uniform group of hippocampal interneurons, the oriens-lacunosum moleculare (O-LM) projecting interneurons, actually consisted of two distinct subtypes of near-identical cells, separated by embryonic origin (Chittajallu et al., 2013) . Surprisingly, MGEderived O-LM cells were far more active during hippocampal gamma oscillations than their CGE-derived counterparts. Given that perisomatic targeting interneurons, thought to drive gamma oscillations (Hájos and Paulsen, 2009) , are of MGE origin, this raises the possibility that MGE interneurons generally play a more prominent role in shaping network oscillations. To test this hypothesis, we examined the spiking behavior of both MGE-and CGE-derived interneurons in CA1 during gamma oscillations.
Gamma oscillations, thought to be essential for working memory (Lisman, 2010) , can theoretically be generated purely through networks of mutually connected inhibitory interneurons (interneuron network gamma oscillations, ING model) or through networks of reciprocally connected excitatory pyramidal and inhibitory interneurons (pyramidal-interneuron network gamma oscillations, PING model) (Whittington et al., 2000) . Hippocampal gamma oscillations are observed using in vitro slice preparations by bath-applying carbachol (Fisahn et al., 1998) or kainate (KA) (Traub et al., 2003) , both resulting in a PING type oscillation ϳ40 Hz, observed in CA3. Brief epochs of gamma oscillations can also be evoked through pressure application of KA above stratum radiatum in CA3 Dugladze et al., 2012) . Previously, we used this latter approach to evoke gamma oscillations in CA1 where, curiously, the gamma oscillations appeared to occur at high frequency (Chittajallu et al., 2013) . In the present study, we further explored the cellular mechanisms generating gamma oscillations in CA1. We found that the oscillation arose from a local generator in CA1 and, surprisingly, did not appear to depend upon the participation of either fast-spiking basket cells or pyramidal cells, consistent with an ING model.
Materials and Methods
Animals. All experiments were conducted in accordance with animal protocols approved by the National Institutes of Health. We used Nkx2-1-cre:RCE and Htr3a-GFP mice to target interneurons of MGE or CGE origin, respectively. As reported previously, there is no difference in CA1 KA-evoked gamma oscillations between these two strains (Chittajallu et al., 2013) . For optogenetic inhibition of pyramidal cells, we crossed the Emx1-cre (Gorski et al., 2002 ) (Jackson Laboratory strain 005628) with Cre-dependent Arch-GFP mouse (Madisen et al., 2012 ) (The Jackson Laboratory, strain 012735).
Drugs and chemicals. KA was purchased from Tocris Bioscience and all other chemicals from Sigma-Aldrich.
Slice preparation and electrophysiology. Horizontal slices (400 m) containing the hippocampus were prepared from postnatal 14 -21 mice of both sexes after decapitation under deep isoflurane-induced anesthesia. Slices were cut in ice-cold (Ͻ4°C) high magnesium artificial CSF (aCSF) containing the following (in mM): 130 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 5 MgCl 2 , 1 CaCl 2 , 10 glucose, 26 NaHCO 3 , and were incubated in standard aCSF containing equivalent MgCl 2 and CaCl 2 (2 mM) for 30 min at 34°C in a submerged chamber and at least a further 30 min at room temperature before recording. Slices were then mounted on a coverslip (coated with 0.1% poly-L-lysine) and transferred to a submerged-style recording chamber where they were superfused with standard aCSF at 3-5 ml/min at 32°C-34°C. For extracellular field potentials, an electrode pulled from standard borosilicate glass (4 -8 M⍀), filled with aCSF, was placed in stratum radiatum. One or two whole-cell patch-clamp recordings were made in stratum oriens, pyramidale, or the border of pyramidale and radiatum, in current-clamp mode with electrodes (4 -8 M⍀), filled with an intracellular solution containing the following (in mM): 150 potassium gluconate, 3 MgCl 2 , 0.5 EGTA, 0.3 Na 2 -GTP, 2 Mg-ATP, 10 HEPES, and 2 mg/ml biocytin. Brief epochs of gamma oscillations were evoked by pressure application (Picospritzer III, Parker Instruments) of 1 mM KA above stratum radiatum as described previously in either CA3 Dugladze et al., 2012) or CA1 (Chittajallu et al., 2013) . Extracellular field recordings were low-pass filtered at 2 kHz and acquired using an Axon Axopatch 2D amplifier (Molecular Devices). Patch-clamp recordings were low-pass filtered at 4 kHz acquired using an Axon Multiclamp 700B amplifier. All recordings were digitized at 10 kHz using an Axon Digidata 1440A on a PC running pClamp 10 (Molecular Devices). All recordings were imported into Igor Pro (Wavemetrics) using NeuroMatic (ThinkRandom) for further analysis. In some cases, a Hum Bug (Quest Scientific) was used to eliminate 60 Hz line noise from the field recordings. After wholecell recordings, slices containing cells filled with biocytin were fixed in 4% PFA and the tissue was processed and imaged as described previously (Chittajallu et al., 2013) . Neuronal reconstructions were made using Neurolucida (Microbrightfield). For the optogenetic experiments, we used whole-field illumination with 580 nm light with a CoolLED pE-4000 (CoolLED).
Data analysis. To determine the peak frequency of gamma oscillations, we calculated the wavelet transform of the raw, unfiltered field recording and detected the peak frequency of the initial period of KA-evoked gamma oscillations (up to 10 s) in 50 ms bins, rejecting any bins where the magnitude of the wavelet transform was Ͻ2 SDs higher than the baseline value. We averaged the peak frequency detected across all bins to determine the peak gamma frequency for each slice and created histograms of these bins to allow quantification of the amount of time each slice spent in slow (32-60 Hz) or fast (62-100 Hz) gamma. Gamma oscillations in the local field potential, and the phase of neuronal spiking during the oscillation, were automatically detected using custom-written procedures in Igor Pro as described previously (Chittajallu et al., 2013) . Spike phase histograms were generated by binning action potential times relative to the gamma phase into 20°bins, typically for 3 sweeps of 200 -1500 gamma cycles. The histograms presented are averages of all neurons for a particular subtype and so represent the overall group firing. Polar plots were produced in Igor Pro, and the average firing vector was calculated using circular statistics. The firing of individual cells was tested using Rayleigh's test for uniformity to determine whether the firing was phase-locked or not, and group firing was examined using Moore's second-order version of Rayleigh's test, using the vector of the preferred phase and firing probability at that phase for each cell. When comparing the distribution of preferred firing vectors between cell types, we used a nonparametric second-order two-sample circular version of Watson U 2 test unless otherwise specified. All circular statistics were performed as described previously (Fisher, 1993; Zar, 2010) , using either built-in or custom-written procedures in Igor Pro. Noncircular data were tested for normality using the D'Agostino and Pearson test and subsequently analyzed by parametric or nonparametric tests as appropriate. Unless otherwise stated, all values are mean Ϯ SEM. All statistical analyses were performed using Igor Pro or Prism (GraphPad).
Results
Brief epochs of gamma oscillations were evoked by pressure application of 1 mM KA to stratum radiatum of either CA3 or CA1. This reliably allowed gamma oscillations to be observed using a field electrode in stratum radiatum in CA3 (Fig. 1A) or CA1 (Fig.  1B) for periods of 10 -20 s. Power spectra of field recordings taken from CA3 revealed that gamma oscillations had a sharp peak ϳ40 Hz, as expected , whereas those from CA1 had a broad peak between 60 and 80 Hz (Fig. 1C) . The peak power of gamma oscillations was significantly higher in CA3 than CA1, and isolating CA1 from the rest of the hippocampal circuit had no effect on the peak power (Fig. 1D) . Occasionally, the CA1 recordings were biphasic, with both slow and fast components evident. To account for the broad peak(s) in the CA1 power spectrum, we determined the peak gamma frequency from wavelet transforms of the unfiltered field recordings (see Materials and Methods). In intact slices, gamma oscillations were significantly faster in CA1 than in CA3 (63 Ϯ 0.87 Hz vs 52 Ϯ 1.2 Hz; Fig. 1E ) and the oscillation persisted in CA1 when both CA3 and the subiculum were disconnected from the circuit, implying a local generator. Interestingly, CA1 gamma was significantly faster in isolated CA1 than in the intact slice, raising the possibility that the low-frequency gamma component observed in CA1 originated from CA3 (Fig. 1E) . However, examining percentage of time spent dominated by lower frequency gamma oscillations, we found no significant differences in CA1 between intact or isolated slices (Fig. 1F ) .
Using Nkx2-1-cre:RCE mice and Htr3a-GFP mice to target MGE-and CGE-derived interneurons, respectively, we examined the roles of different interneuron classes during CA1 KA-evoked gamma. Perisomatic inhibition is thought to be essential for genesis of gamma oscillations with MGE-derived, parvalbumincontaining, fast-spiking basket cells playing a prominent role (Buzsáki and Wang, 2012) . Consistent with this model, we found that MGE-derived basket cells in CA3 were very active during KA-evoked gamma ( Fig. 2 A, D) with their firing significantly phase-locked (Table 1) and showing a phase preference for peak of the oscillation (Fig. 2E) . Surprisingly, however, we found that MGE-derived basket cells were significantly less likely to fire during CA1 gamma (MGE basket cell firing probability, CA3 gamma, n ϭ 4; vs CA1 gamma, n ϭ 10: 0.34 Ϯ 0.10 vs 0.12 Ϯ 0.033, p ϭ 0.0240, Mann-Whitney test; Figure 2 B, F ), and the distribution of preferred firing vectors was significantly different ( p ϭ 0.0409). Furthermore, as a population, MGE-derived basket cells did not display significantly phase-locking to the gamma oscillation ( Fig. 2G ; Table 1 ). Indeed, MGE-derived basket cells were no more likely to participate in CA1 fast gamma oscillations than CGE-derived, CCK-positive basket cells (gamma firing probability, MGE basket, n ϭ 10; vs CGE basket, n ϭ 12: 0.12 Ϯ 0.033 vs 0.069 Ϯ 0.027, p ϭ 0.280, Student's t test; see Figure 5C ) and the distribution of preferred firing vectors did not differ between MGE-and CGE-derived basket cells ( p ϭ 0.318). Unexpectedly, only 47% of pyramidal cells (n ϭ 15; see Fig. 5B ) were active during CA1 fast gamma (Fig. 2C,H ) ; and even of those that were active, only 1 cell displayed a nonuniform, phase-locked firing pattern (Table 1) , with the overall behavior of pyramidal cells being to weakly follow the phase of the oscillation (Fig. 2I ) .
Given that fast-spiking basket cells and pyramidal cells did not appear to drive CA1 fast gamma oscillations, we studied the activity of both CGE and MGE oriens and pyramidale interneurons during the oscillation. We used the Rayleigh test of uniformity to assess the phase-locking of each neuron, and we saw at least one significantly nonuniformly firing cell (i.e., phase-locked) in each group (Table 1) . To determine whether populations of interneurons displayed consistent behavior during KA-evoked gamma oscillations, we also used Moore's second-order version of the Rayleigh test, using the preferred firing of each cell. Of the CGE cohort, two subtypes of interneuron were significantly phaselocked: the first of these, we termed putative trilaminar cells as they resembled those described previously (Sik et al., 1995) , with a soma in stratum oriens and a dense axonal arbor spanning strata oriens, pyramidale, and radiatum, with a prominent projection toward subiculum (Fig.  3A) . Trilaminar cells were active during CA1 gamma (Fig. 3C) , with a mean firing probability of 0.31 Ϯ 0.057 (n ϭ 7). Their firing was strongly phase-locked, with a preferred phase at the peak of the oscillation ( Fig. 3D ; Table 1 ). The other group of CGE interneurons with phase-locked firing during CA1 fast gamma oscillations were those we termed back-projecting interneurons (Sik et al., 1995) , as they sent axonal processes either toward or that penetrated CA3 (Fig. 3 B, E) , with their sparse arborization also reminiscent of septal-projecting cells (Jinno et al., 2007) . They had a mean firing probability of 0.13 Ϯ 0.012 (n ϭ 3), and their firing probability had a sharp spike at the peak of the oscillation ( Fig. 3F; Table 1 ).
From the MGE-derived cohort of interneurons, the group with the most striking firing pattern during CA1 gamma was axo-axonic cells, which we distinguished from basket cells by the presence of prominent cartridges formed by their axon terminals (Fig. 4 A, C) . Axo-axonic cells had a mean gamma firing probability of 0.35 Ϯ 0.13 (n ϭ 3), and they had a biphasic phase preference, with a sharp drop in firing probability immediately after the peak of the oscillation; these cells would often fire more than once during a single gamma cycle (Fig. 4D) , contrasting with fast-spiking basket cells, which had a lower firing probability with no clear phase preference. The other group of MGE-derived interneurons with a significantly phase-locked firing pattern were bistratified cells (Fig. 4B,E) , which had a mean firing probability of 0.24 Ϯ 0.14 (n ϭ 4) and a phase-preference at the peak of the field oscillation (Fig. 4F) Figure 5A ). Comparing cumulative firing probabilities, 45% of all CGE interneurons had a firing probability between 0 and 0.05, compared with just 13% of MGE interneurons (Fig.  5B) . The firing probabilities of all anatomically confirmed interneurons, grouped by subtype, and CA1 pyramidal cells are shown in Figure 5C and Table 1 . We also calculated the depth of gamma modulation for each of the different cell types; in vivo analyses typically calculate this by summing all spike time phases as a unitary vector and normalizing by the number of spikes (e.g., Tukker et al., 2007; Varga et al., 2012) . However, this method was less reliable in vitro because some neurons fire fewer spikes than in vivo, so a cell firing a single action potential would appear to be perfectly phase-locked, leading to large variability in the depth of modulation and revealing no significant differences between cell types (p ϭ 0.1632, Kruskal-Wallis Test; Table 1 ). To account for the lower firing rates seen in vitro, we multiplied the depth of modulation by the gamma firing probability for each cell, revealing that trilaminar cells were the most strongly gamma-modulated cell type from the entire group ( Fig. 5D ; Table 1 ).
These initial experiments suggested that the gamma oscillation that we observed in CA1 stratum radiatum does not depend on either fast-spiking basket cells or pyramidal cells, raising the possibility that it is an inhibition-based ING model of gamma oscillation (Whittington et al., 2000) . To test this hypothesis, in a final series of experiments, we used mice expressing an Arch-GFP fusion protein under the expression of Emx1 (see Materials and Methods) to allow selective optogenetic inhibition of pyramidal cells. In CA3, where the dominant form of gamma observed in vitro is the PING type, we found that optogenetic silencing of pyramidal cells led to a very strong reduction in the peak gamma power (light off vs light on: 0.279 Ϯ 0.084 V 2 /Hz vs 0.039 Ϯ 0.015 V 2 /Hz; n ϭ 6, p ϭ 0.049, paired t test; Fig. 6 A, C) . In contrast to CA3, optogenetic inhibition of pyramidal cells in CA1 did not produce any significant change in the peak power of gamma oscillations (light off vs light on: 0.048 Ϯ 0.012 V 2 /Hz vs 0.043 Ϯ 0.015 V 2 /Hz, n ϭ 9, p ϭ 0.734, paired t test; Fig.  6 B, D-E) . Of the residual gamma oscillation remaining in CA3, we observed a significant increase in the peak frequency (light off vs light on: 55.4 Ϯ 1.4 Hz vs 65.4 Ϯ 2.7 Hz; p ϭ 0.0076, paired t test; Fig. 6F ). Interestingly, even though optogenetic inhibition of pyramidal cells in CA1 did not lead to a reduction in gamma power, we also saw a small but significant increase in the peak frequency of the oscillation (light off vs light on: 65.2 Ϯ 3.0 Hz vs 70.7 Ϯ 2.7 Hz; p ϭ 0.0282, paired t test; Fig. 6G ). The percentage increase in peak frequency was not significantly different between CA3 and CA1 (frequency, percentage of baseline, CA3 vs CA1: 118 Ϯ 4.1% vs 109 Ϯ 3.5; p ϭ 0.1248, Student's t test; Fig. 6H ).
Discussion
Here, we show that pressure application of KA activates a local generator of gamma oscillations in CA1, which oscillates at a higher frequency than CA3 and, most unexpectedly, appears to be generated without the involvement of fast-spiking basket cells or pyramidal cells. We found that, as a general rule, interneurons of MGE origin are more likely to participate in the oscillation, but that the CGE-derived trilaminar and back-projecting cells were interesting exceptions.
CA1 as a generator of gamma oscillations
Although there are many reports of gamma oscillations being observed in CA1, it was thought that slow gamma was driven by CA3 whereas fast gamma was driven by the entorhinal cortex (Colgin et al., 2009 ). However, in vitro models show that CA1 itself can generate gamma rhythms (e.g., Whittington et al., 1995; Pietersen et al., 2014), and our approach of using focal applica- ., 2005) . B, Bistratified cell. Inset, Firing pattern in response to depolarizing current steps. Example whole-cell current-clamp recording and local field potential with corresponding wavelet transform in C and E, respectively. D, F, Top, Corresponding polar plots show preferred firing phase and magnitude of individual cells (gray dots) with a vector displaying the averages (red arrow). Bottom, Firing probabilities averaged across all cells for each phase of the gamma oscillation (20°bins). Axo-axonic cells had a biphasic firing pattern, whereas bistratified cells fired toward the peak of the field oscillation. Only the first peak was plotted on the polar plot for the axo-axonic cells.
tion of KA to drive the oscillation allows us to study the phenomenon using intact, submerged slices without tonic application of drugs. We found that intrinsic CA1 gamma was ϳ11 Hz faster than that generated by CA3, replicating previous findings by others (Middleton et al., 2008; Pietersen et al., 2014) . Disconnecting CA3 from CA1 did not affect the frequency of gamma oscillations in our experiments, consistent with focal KA application only activating local circuits and not all of the hippocampus. Interestingly, also disconnecting the subiculum moderately increased the gamma frequency in CA1, perhaps due to removal of an inhibitory feedback mechanism from the subiculum to CA1 (Sun et al., 2014) .
When all fast excitatory neurotransmission is blocked, interneurons in CA1 alone are capable of generating a gamma rhythm in vitro when the network is activated by mGluRs , and a study using an isolated hippocampus found that fast, but not slow, gamma persisted in the absence of fast glutamatergic transmission (Jackson et al., 2011) . We found that Ͼ50% of pyramidal cells were inactive in CA1 gamma; although pyramidal cells have low firing rates during gamma oscillations, both in vitro (Fisahn et al., 1998; Hájos et al., 2004; Gloveli et al., 2005) and in vivo (Csicsvari et al., 2003; Senior et al., 2008) , they are generally reported to be phase-locked. Of the pyramidal cells active during CA1 gamma oscillations, we only observed one cell with significant phase-locking. Using optogenetic silencing of pyramidal cells in CA1 did not significantly affect the power of KA-evoked gamma oscillations but strongly attenuated them in CA3, leading us to conclude that activity of pyramidal cells is not critical for genesis of the CA1 gamma that we observed, suggesting a predominantly ING type of oscillation (Whittington et al., 2000) . Modeling studies show that sparsely connected networks of interneurons are sufficient to generate gamma oscillations (Wang and Buzsáki, 1996) , the frequency of which is affected by GABA A receptor synaptic properties, interneuronal connectivity, and driving current onto the interneurons (Traub et al., 1996) . However, when stimulated by KA, activity in the isolated axons of principal cells can, in the absence of the soma, provide high-frequency oscillatory inputs that allow interneuron networks to resonate at gamma frequencies (Traub et al., 2003) , so this mechanism could allow principal cells to provide excitatory input to interneurons while still being consistent with our observation of little or no somatic firing. Optogenetic perturbation of pyramidal cell function led to significant changes in gamma oscillation frequency in CA1 as well as CA3, so both ING and PING mechanisms may be active: increased NMDA receptor activation on interneurons can increase interneuron synchrony and gamma oscillation frequency (Mann and Mody, 2010).
Perisomatic-targeting interneurons and CA1 gamma
Fast-spiking basket cells play a key role in generating both KA-and carbacholevoked gamma rhythms when these agonists are bath-applied in vitro (e.g., Fisahn et al., 2004; Mann et al., 2005) , but their contribution in vivo is more controversial: a recent study in CA1 found that MGE basket cells drove the gamma oscillation only around stratum pyramidale and not in higher hippocampal layers (Lasztó czi and Klausberger, 2014) . Additionally, an in vitro model of gamma oscillations in the entorhinal cortex found that basket cells mediate slow but not faster gamma (Middleton et al., 2008) . In this context, our finding that basket cells are not involved in local KA-induced CA1 gamma is less controversial. In vivo, gamma oscillations can be observed at a number of different frequencies, each presumably with independent generators (Buzsáki and Wang, 2012) , consistent with the circuit activated in our study being different from the 40 Hz oscillator generally seen using in vitro CA3 hippocampal preparations.
Although MGE basket cells did not contribute to CA1 gamma in our study, the other class of MGE-derived perisomatic-targeting interneurons, axo-axonic cells, were strongly active. We found that axo-axonic cells had a biphasic firing pattern, with their firing probability dropping sharply at both the peak and the trough of the oscillation. An in vitro study of perisomatic-targeting interneurons in CA3 found that axo-axonic cells fired at a faster rate than the oscillation, preventing ectopic action potentials in the axon from invading the soma . This phenomenon could explain the activity of axo-axonic cells in our study, although it is not clear whether these cells are driving or following the oscillation. Given that axo-axonic cells primarily target pyramidal cells, which do not appear to contribute significantly to CA1 gamma, we would suspect the latter. Unfortunately, this hypothesis is difficult to test Figure 5 . A, MGE-derived interneurons had a significantly higher firing probability than CGE-derived interneurons during CA1 gamma oscillations. Unidentified CGE-and MGE-derived interneurons were included in these counts. B, Cumulative probability plot of firing probabilities for all cell types during CA1 fast gamma. C, Firing probabilities of anatomically confirmed interneuron subtypes and CA1 pyramidal cells during fast gamma. Significant differences existed between cell types ( p Ͻ 0.0001, KruskalWallis Test). D, Depth of gamma modulation varied significantly between cell types ( p Ͻ 0.0001, Kruskal-Wallis Test). *p Ͻ 0.05. **p Ͻ 0.01. ****p Ͻ 0.0001. Some O-LM cells reported previously (Chittajallu et al., 2013) were included in these counts.
experimentally because both axo-axonic and fast-spiking basket cells express parvalbumin, and optogenetically driving parvalbumin-positive interneurons is sufficient to generate gamma rhythms (Cardin et al., 2009; Sohal et al., 2009 ).
Embryonic origin of interneurons
Overall, we found that MGE-derived interneurons had a higher firing probability than CGE-derived interneurons during CA1 fast gamma. CGE-derived interneurons are also reported to be silent in an in vitro model of the slow oscillation (Tahvildari et al., 2012) , so low participation in network oscillations may be a general trait of CGE interneurons. In contrast, the two types of CGE interneurons that were strongly active in CA1 fast gamma were trilaminar cells and back-projecting cells, so an alternative interpretation of our data could be that MGE-derived neurons are active in local circuits but that CGEderived interneurons are important for entraining the network to inputs arriving from elsewhere, and for transmitting information about the local network state to other regions. CGE interneurons express 5HT 3A receptors (Lee et al., 2010) , the median raphe nucleus targets hippocampal interneurons (Halasy et al., 1992) , and serotonin facilitates GABAergic transmission in CA1 (Ropert and Guy, 1991) , so the relative inactivity of CGE-derived interneurons observed using in vitro models may simply be an artifact of a reduced preparation with no subcortical inputs. Although bath application of 5HT decreases gamma frequency , this manipulation would activate metabotropic 5HT receptors, which can suppress gamma oscillations (Johnston et al., 2014) . Application of 5HT 3A receptorspecific agonists can actually increase gamma power (Schulz et al., 2012) , and we recently demonstrated that CGEderived, but not MGE-derived, O-LM cells increased their firing during network oscillations when 5HT 3A receptors were pharmacologically activated (Chittajallu et al., 2013) .
Both CGE-derived trilaminar and MGE-derived bistratified cells are attractive candidates for driving the CA1 fast gamma oscillation, as they are dendrite-, and presumably also interneurontargeting, so could pace other interneurons if the oscillation is indeed ING type. In CA3, trilaminar cells are very active during in vitro gamma oscillations , and in CA1 bistratified cells have the strongest depth of gamma modulation in vivo (Tukker et al., 2007) . CA1 oriens trilaminar interneurons have been studied relatively little since they were first described (Sik et al., 1995) , although in vivo studies reveal that they are mGluR8-positive, project to the subiculum, and are active during theta and sharpwave/ripple oscillations (Ferraguti et al., 2005; Jinno et al., 2007) .
Given that they had the strongest depth of modulation by the gamma oscillation in our study and that we are proposing CA1 gamma to be an ING type oscillation, it is tempting to claim that trilaminar cells are driving the oscillation. Their extensive axonal arborization almost entirely excludes stratum lacunosummoleculare, so these interneurons are well placed to shunt inputs coming from CA3 to create a permissive environment for the entrainment of the CA1 network to the faster gamma rhythm being driven by extrahippocampal inputs.
In conclusion, we have described an in vitro model of fast gamma oscillations in CA1 that bears the hallmarks of an ING model (Whittington et al., 2000; Buzsáki and Wang, 2012). Al- though both pyramidal cells and fast-spiking basket cells appear not to drive this oscillation, three classes of interneurons (axoaxonic cells, bistratified cells, and trilaminar cells) are attractive candidates for coordinating this system. Future work would be greatly facilitated by creation of Cre driver lines to allow specific optogenetic manipulation of these interneurons and could provide insights into the mechanisms by which inputs from outside CA1 can switch the dominant network rhythm between slow or fast gamma oscillations.
